Abstract. In this paper, a compact asymmetric-shaped microstrip lowpass filter (LPF) using a stepped impedance
Introduction
Microstrip lowpass filters (LPFs) are highly demanded in modern communication systems to suppress harmonics and spurious signals [1] . To increase the order of filter, more sections are needed, but increasing the sections will also raise the loss in the passband [2] , [3] . With respect to these facts and to improve the performance of LPFs, various methods have been presented in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A wide stopband lowpass filter using U-shaped resonators has been fabricated in [3] , which has a gradual transition band response. A LPF using microstrip stepped-impedance hairpin resonator has been presented in [7] , which has a sharp response in the transition band, but the return loss in the stopband is not high and the stopband width is not wide enough. Another LPF using a microstrip line section and an interdigital capacitor has been presented in [8] , although the frequency response in the passband is appropriate, but the stopband width is not satisfactory. A lowpass filter with an embedded bandstop structure has been designed in [9] . However, the circuit size is small but the stopband is not wide enough. In [10] , a microstrip LPF with sharp roll off and an approximately wide stopband has been presented. Nevertheless, the overall size is large. Design of a lowpass filter using a slit-loaded tapered compact microstrip resonator cell (SLTCMRC) has been presented in [11] with a very sharp rejection band, but it suffers from large size. A compact and broad stopband LPF using a stepped impedance resonator (SIR) has been presented in [12] , but it has gradual transition band and poor return loss in the stopband. A LPF with a novel application of shunt open stubs at the feed points of a center fed coupled line hairpin resonator with very wide stopband and sharp response has been proposed in [13] , but the attenuation level in the stopband is not satisfactory. In [14] [15] [16] , the presented LPFs have wide stopband with considering to attenuation level of -15 dB or -17 dB. However, with regarding to attenuation level of -20 dB, the stopband regions of these filters are not wide enough. A novel LPF with wide stopband and sharp roll-off using a tapered resonator has been fabricated in [17] , which has a large circuit size.
In this paper, an asymmetric-shaped lowpass filter using stepped impedance resonator with a simple structure is implemented. The proposed LPF achieves an ultra wide stopband with high attenuation in the stopband and small circuit area. The LPF is designed as follows: At the first step, with the realization of a 3 order elliptic function resonator, a microstrip resonator layout with one adjustable transmission zero is created. With adjusting the transmission zero, the cut-off frequency and roll-off is changed to the desirable value. At the next step, another similar resonator is added symmetrically to add a new transmission zero nearby the previous one, which can guarantee a stopband with a sharper transition band. At the third step, the previous symmetrical structure is reformed to an asymmetric resonator. This trend provides two advantages for designers. The first advantage is size reduction, and the second one is the better insertion loss in the passband due to the increment of the coupling effects between the two reso-nators, which can make a better matching. At the last step, to have a wider stopband width, an asymmetric stepped impedance suppressing cell is located in the proposed asymmetric resonator. The asymmetric structures help to occupy a smaller area in comparison with a symmetric topology. So, a compact LPF with ultra wide stopband is designed using a combination of the asymmetric resonator and suppressing cell.
Filter Design
In the first step, an appropriate prototype L-C lowpass resonator is selected as shown in Fig. 1(a) . A three order elliptic function lowpass filter is considered with cut-off frequency (f c = 3.6 GHz), source and load impedance Z 0 = 50 Ω. The S12 frequency response of the resonator is shown in Fig. 1(b) . According to the frequency response, it has a sharp roll-off, but the insertion loss has a significant value. The next step is to find an appropriate microstrip realization. Figure 2 shows the proposed microstrip layout for this equivalent circuit. The high impedance lines are used as the inductors and low impedance lines are used as the capacitors. It is clear that the coupling effects are ignored. For high impedance Z H , length of inductance can be obtained from [18] :
Parasitic capacitance associated with inductance can be written as:
For low impedance line Z L , length of capacitance can be acquired from:
Parasitic inductance associated with the capacitance can be written as:
where Z H is the high impedance value, Z L is the low impedance value, ω is the angular frequency and λ is the wavelength of high and low characteristic impedance. To obtain a wider rejection band with better attenuation level and sharper transition band, several ideas are performed step by step in this paper: The primal microstrip realized resonator is simulated as functions of its dimensions. It can be useful to find the most important parameters for optimizing the location of transmission zero to have a required cut-off frequency and sharp roll-off. To obtain a wider rejection band with better attenuation level and sharper transition band, another transmission zero are added nearby the first one, by cascading another similar resonator. Then, the di- mensions of the proposed resonator are optimized with an EM simulator (ADS). To obtain a more compact resonator; the stepped impedance lines are bent. With bending the symmetric resonator, an asymmetric-shaped modified resonator can be created. Therefore, the return loss of the primal resonator in the passband is improved. This improvement causes lower insertion loss in the passband. To extend the stopband width, three discontinuities as steps in width are added to the high impedance feeding lines asymmetrically, which operate as a suppressing cell. This results in the creation of transmission zeroes at the undesired high frequencies, which suppress the level of harmonics. Finally, by tuning and optimizing the proposed LPF with an EM simulator (ADS), the widest stopband region is achieved. The simulated S 12 parameter of the proposed resonator as a function of the gap distance between the open-end stubs (W 2 ) is shown in Fig. 3(a) . As seen, by changing the gap, the transmission zero does not move significantly, thus the coupling capacitance can be ignored.
As seen from Fig. 3(b) , by increasing W 1 from 0.5 mm to 1.2 mm, the capacitance of C becomes larger and the transmission zero moves to the lower frequencies to create a sharper transition band. Also, we can achieve a sharper transition band by increasing the inductance of L 1 that is done by increasing the length of d' from 1.5 mm to 2.5 mm, as shown in Fig. 3(c) . The inductance of L 2 has a significant effect on the transmission zero, as shown in Fig. 3(d) . By increasing the length of d 1 from 2 mm to 4 mm, the inductance of L 2 becomes larger and the transmission zero moves to the lower frequencies, rapidly.
With above discussions, the dimensions of the resonator are optimized to have a required cut-off frequency and sharp roll-off. The resonator creates a transmission zero at 4.84 GHz with the attenuation level of -48 dB, which can provide the -3 dB cut-off frequency nearby 3.6 GHz. But, to obtain a wider rejection band with better attenuation level and sharper transition band, other trans- The dimensions of the proposed resonator are optimized with an EM simulator (ADS). To obtain a more compact resonator; the stepped impedance lines are bent, as shown in Fig. 6 .
The S-parameters of the proposed and modified resonator are shown in Fig. 7 . As seen, there is no significant difference between the proposed and modified resonator. Also, the return loss of the modified resonator in the passband is improved from about 5 dB to 9 dB, resulting in lower insertion loss in the passband. The coupling effects between two resonators have been increased in the modified resonator. As applied in other references such as [13] , the coupling between the stepped impedance microstrip lines can be used to make a better matching to have a lower insertion loss in the passband region.
The proposed modified resonator can provide a wide stopband from 3.4 GHz to 8.2 GHZ, with two transmission zeros at 4.04 GHz and 4.25 GHz, but the stopband width is not wide enough. Furthermore, the insertion loss in the passband has a value of 0.6 dB, which is not good enough. To extend the stopband width, three discontinuities as steps in width are added to the high impedance feeding lines asymmetrically, as shown in Fig. 8 , which operate as a suppressing cell. This results in the creation of transmission zeros at the undesired high frequencies, which suppresses the level of harmonics.
The simulated S12 parameter of the suppressing cell is illustrated in Fig. 9 . The created transmission zeros at 9.5 GHz and 25.8 GHz, with the corresponding attention levels of -48 dB and -57 dB, result in a wide rejection band, i.e. from 9 GHz to 36 GHz. Therefore, the proposed LPF is the combination of the proposed modified resonator and the suppressing cell.
The layout of the proposed LPF is shown in Fig. 10 . The filter is fabricated on a RT Duroid 5880 substrate with a dielectric constant ε r equal to 2. Fig. 11.   Fig. 9 . The simulated S12 parameter of the proposed suppressing cell. 
Simulation and Measurement
The simulations and measurements are done using ADS software and the HP8757A network analyzer, respectively. The simulated and measured S-parameters of the fabricated filter are shown in Fig. 12 . The difference between the simulated and measured result, which is more visible in higher frequencies, might be introduced by neglecting the losses of the dielectric and the conductor as well as the thickness of the metallic strip line [19] .
It can be concluded that the -3 dB cut-off frequency is located at 2.92 GHz and an ultra wide stopband from 3.4 GHz to 36.2 GHz with the attenuation level of -20 dB is obtained. The transition band is 0.48 GHz from -3 dB to -20 dB. The insertion loss is less than 0.12 dB in the passband, and the return loss is better than 16 dB in this region and nearby 0 dB through the stopband. Size of the filter is only 11.7 mm × 9.6 mm without matching stubs. This size corresponds to compact electrical size of 0.156 λ g × 0.128 λ g , where λ g is the guided wavelength at 2.92 GHz. The other parameter to show good performance of the proposed filter is group delay. Filter group delay is relating to the insertion loss of a filter. It is ideal to design a filter with flat group delay. As seen from Fig. 13 , the maximum variation of the group delay in 80 percent of the passband region is only about 0.2 ns. The performance of the proposed filter is compared with other works in Tab. 1. In this table, f c is -3 dB cut-off frequency; RL and IL are the return loss and insertion loss in the passband, respectively. The Suppression Factor (SF) is based on the stopband suppression. A higher suppression degree in the stopband leads to a greater SF. For instance, if the stopband bandwidth is calculated under -20 dB restriction, then the SF is considered as 2 [17] . Also, SBW is the stopband bandwidth with considering -20 dB rejection levels (SF = 2) for this work. The relative stopband bandwidth (RSB) for -20 dB rejection level is given by [17] :
stopband bandwidth stopband center frequency  (5)
An important factor about lowpass filters is the ratio of stopband bandwidth to -3 dB cut-off frequency (SBW/ f c ), which has a significant improvement from the other works in Tab. 1.
According to Tab. 1, the proposed lowpass filter has the highest RSB (1.7) among the referred LPFs with suppression factor (SF) of 2 that emphasizes an ultra wide 
Conclusion
A compact asymmetric-shaped lowpass filter with an ultra wide stopband, using stepped impedance resonator, is presented. The simulated and measured results of the proposed filter are in good agreement. The proposed LPF benefits from low insertion loss, good return loss, ultra wide stopband and compact size. The overall size of the fabricated filter is 0.156 λ g × 0.128 λ g . The maximum variation of the measured group delay in the passband is only 0.2 ns. With these characteristics, the proposed LPF could be employed for microwave communication applications. 
